ABSTRACT The lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), a serious pest of stored cereal grains, is widely distributed and has been collected in different habitats in North America, such as those from agricultural and nonagricultural settings. Our objective was to study the dispersal distances and direction of dispersal by R. dominica after external marking using ßuorescent powder, releasing marked beetles, and recapturing adults using pheromone traps in distinctively different ecological habitats, wooded sites and open grasslands, for 2 consecutive yr. The recapture rate of marked beetles ranged from 6 to 26% in both sites and was generally higher in the wooded site than the open Þeld site for both years. There was a signiÞcant difference in dispersal distances between wooded and open sites. Mean dispersal distances in the wooded site ranged from 337 to 375 m, whereas in the open site, they varied from 261 to 333 m. Trap captures for both marked and feral beetles were related to the ambient temperature such that increase in trap captures occurred with increasing temperature. SigniÞcant differences were observed for directional movement of R. dominica in both sites and indicated that most beetles dispersed in the northwest direction. Correlation analyses showed that the relationship between numbers of marked-released-recaptured beetles signiÞcantly decreased with increasing trap distances. Understanding dispersal distances and directions provide insight to ßight behavior of R. dominica and to the relationship between ecologically diverse breeding habitats. Knowledge of R. dominica habitat ecology outside of grain storage facilities may be useful in designing suitable management tactics to minimize the onset of infestations in grain storages.
Movement of insects between habitats on a daily, seasonal, or annual basis represents a fundamental aspect of the ecology of individuals and populations. Understanding relationships among habitats used by pest insects throughout their lives is critical in terms of pest management, because management efforts can be directed more appropriately to the insect population sources, speciÞc breeding sites, or speciÞc overwintering sites. The lesser grain borer, Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae), is a destructive, internal grain feeder of stored cereals throughout the world (Potter 1935 , Cotton 1956 , Fields and Phillips 1994 , Mayhew and Phillips 1994 and has been collected in different habitats such as those from agricultural and nonagricultural areas (Cogburn 1988; Fields and Phillips 1994; Edde et al. 2005 Mahroof and Phillips 2007) . Adult R. dominica are strong ßiers capable of moving across different landscapes (Winterbottom 1922 , Hagstrum 2001 ; therefore, immigration from nonagricultural sources can presumably lead to rapid colonization of this pest in grain storages (Cogburn 1988) . High mobility and colonizing ability are life history characters associated with the movement and dispersal of many ecologically adaptive insects (Han and Gatehouse 1993) .
Laboratory studies with R. dominica showed that ßight initiation and dispersal of newly emerged beetles were inßuenced by external and internal factors such as age, population density, starvation, food quality and nutritional level, temperature, and time of the day (Barrer et al. 1993 , Dowdy 1994 , Perez-Mendoza et al. 1999 . Flight behavior of a closely related species of a stored products pest, Prostephanus truncatus (Horn) (Coleoptera: Bostrichidae), was extensively studied in nonagricultural habitats by several researchers. Farrell and Key (1992) found that adult P. truncatus dispersed a maximum of 340 m in a 24-h period in a marked-release-recapture study. However, only a few studies have been reported that indicate the actual distances an adult R. dominica can ßy outdoors. ChingÕOma (2006) studied the dispersal of R. dominica in a prairie ecosystem near Manhattan, KS. He reported that adult beetles dispersed a mean Ϯ SEM distance of 380.4 Ϯ 10.5 m, a day after release, in an area with a grid-work of traps that had spaced 50 Ð1,000 m apart. Long-range dispersal distance of R. dominica in wooded habitats was given limited study in recent work. and Mahroof and Phillips (2007) suggested that large numbers of R. dominica inhabit remote forest sites dominated by perennial woody species and that some of these adults had completed their larval development on nongrain food materials; long-distance dispersal from stored grain habitats was inferred. Because adults are commonly captured in nonagricultural habitats, separated from grain storage by many kilometers, and some R. dominica can complete development on nongrain food materials , Mahroof and Phillips 2007 , Jia et al. 2008 , we hypothesize that such habitats may harbor populations with individuals that have the potential to invade stored grain periodically. Therefore, estimating potential distances traveled by R. dominica may help to understand associations of beetles among habitat and resource patches such as storage bins, elevators, and nonagricultural wooded habitats, and such information may help to design suitable management tactics to minimize the initiation of infestations.
Numerous techniques have been developed to mark insects to study their movement, dispersal, and migration. Of those techniques, marking with ßuorescent pigments is one of the oldest, inexpensive, highly visible (Darling 1925) , and perhaps commonly used techniques (Dowdy and McGaughey 1992, Schellhorn et al. 2004) . We used ßuorescent powder as an external marking technique for R. dominica to study their dispersal distances and directional movement using a mark-release-recapture method in two distinctively different habitats. Our speciÞc objectives were to compare the ability of R. dominica to disperse from a host resource and take ßight in a wooded habitat dominated with perennial tree species and in an open pasture land dominated by grasses during two separate years and to determine dispersal distances and directions of released insects in the two habitats. (RH) , with a photoperiod of L 12:D 12, in 950-ml glass jars containing whole kernels of hard red winter wheat. Once adults emerged, marking was accomplished by pouring 1.1 kg of R. dominicaÐ infested wheat kernels into a funnel pan with 5 g of ßuorescent powder (Day-Glo Color, Cleveland, OH), and the powder was distributed over the wheat. This mixture was poured gently back and forth between a jar and the funnel pan to distribute the ßorescent pigments evenly, at the same time to make sure there was minimal damage to the adult R. dominica and their eggs. Wheat lots infested with R. dominica used in the forested site and the open site were marked using different colored pigments: blaze orange (AX-15-N) for the forested site and signal green (AX-18) for the open site. A total of 11 kg of R. dominicaÐinfested wheat kernels mixed with ßuorescent dye was used in each Þeld site. Preliminary studies of powdered dye application methods determined that addition of dye powder of Ϸ1.8 g to 400 g of wheat kernels infested with mixed stages of R. dominica resulted in adequate application of dye particles to body parts of emerging adults with no adverse effects on viability or vigor of dyed beetles. Thus, application of 5 g of dye powder to 1.1 kg of infested wheat as described above was found adequate for our purposes and was similar in effectiveness to the technique developed by Dowdy and McGaughey (1992) . Several pilot experiments were carried out in the laboratory before Þeld experiments to conÞrm whether ßuorescent pigments were a good-quality and persistent marker. Results showed that pigments adhered in different body parts of the insects and readily visible under microscope even several weeks after marking and incubating adult R. dominica in wheat. Furthermore, studies also showed that ßorescent dye did not have any adverse effect on the growth and development of R. dominica.
Materials and Methods

Study
Mark-Release-Recapture Survey. A small, round, galvanized steel bin was used in each Þeld site to release marked R. dominica. The cylindrical portion of the bin was 53.3 cm tall and 78.7 cm in diameter, had a peaked roof that overhung the sidewall by Ϸ5.0 cm, and had a 1-cm ventilation gap between the roof and wall. The funnel hopper bottom of the bin was Ϸ63.5 cm tall and tapered to a piece of 7.6-cm-diameter pipe from which grain could be emptied out of the bin. The capacity of the bin was Ϸ163.3 kg and stood Ϸ2 m tall at the eave of the roof to the feet of tripod stand. An opened 19-liter plastic bucket Þlled with 11 kg of ßuorescent pigment-mixed R. dominica infested wheat was placed inside the bottom of the bin. Insects were able to emigrate freely from the bin of wheat through the ventilation gap at the eave of the roof. One bin was placed in the center of a geographic grid pattern of traps at each of the experimental sites. The bins were opened several times during the course of an experiment to check whether marked R. dominica were still alive and able to actively come and go from the bins.
Marked insects were recaptured using four-unit Lindgren multiple funnel traps (PheroTech, Delta, British Columbia, Canada), each baited with an aggregation pheromone lure. Twelve traps were deployed in each site along two transects, oriented north-south and east-west, 90Њ apart and intersecting at the center point where the marked-beetle release bin was located, and oriented in cardinal compass directions. Thus, three traps were placed in each cardinal direction at distances of 100, 400, and 1,600 m away from the release bin. Distances were selected based on the maximum ßight distances in outdoor for P. truncatus (Farrell and Key 1992) and for Dendroctonus frontalis Zimm. (Turchin and Thoeny 1993) , two closely related species for R. dominica, and the mean dispersal distance for R. dominica (ChingÕOma (2006) . Traps were hung 1.7 m above the ground on polyvinylchloride pipe stands, and each was provided with a 1-cm 2 piece of No-Pest Strip (United Industries, St. Louis, MO), which released the volatile insecticide dichlorvos, in the collection cups of each trap to kill captured insects. Each trap was baited with one lure that released the synthetic R. dominica aggregation pheromones dominicalure 1 and dominicalure 2. Fabrication of the pheromone lures, the loading of pheromone, and the maintenance of lures in the trap were as described by Mahroof and Phillips (2007) .
Traps in both Þeld sites were checked on a weekly basis. Traps were monitored for a total of 18 wk; however, in 2005, the study was conducted from September through November, and in 2006, monitoring was done from June through August. Collection cups on the traps were emptied and trapped insects were collected, and at the same time, traps were serviced by replacing new fresh pheromone lures and new pieces of No-Pest strip. Trapped R. dominica were returned to the laboratory and stored in a freezer at Ϫ20ЊC until further use. Captured adults were observed under a stereomicroscope using long-wave UV light (UV LED lamp; Streamlight Twin Task 3C ßashlight, Streamlight ßashlights.com) to detect the ßuorescent pigments adhered to different body parts of marked insect. The number of recaptured marked beetles and the number of feral unmarked beetles were counted. Climate data corresponding to each site during the experimental period were obtained from the University of OklahomaÕs Mesonet environmental monitoring stations (www.mesonet.org), which were 10 km or closer to a given trapping area.
Statistical Analyses. Total unmarked feral and marked R. dominica caught were plotted and compared with the average day temperature and average relative humidity for each site in a given year. The percentage of marked beetles for all weeks in separate sites was calculated in relation to the total R. dominica captures and converted to arcsine (x) 0.5 before statistical analyses to satisfy the assumption of the normality and homogeneity of variance (Zar 1984) . Year, distance, and direction were considered as Þxed effects, and time (weekly measurement) was considered as a random effect. Data from the forested site were analyzed separately from the open site by subjecting to analysis of variance (ANOVA) using the MIXED procedure of SAS (SAS Institute 2003). Least square means (LSMEANS) were used to separate treatment means at ␣ ϭ 0.05. Pearson correlation analysis was carried out to determine the relationships between the dispersal distances of R. dominica from the release points and the numbers dispersing those distances using SAS (SAS Institute 2003). A simple t-test was carried to compare mean dispersal distance in both habitats. Actual means and SEs are presented in Þgures and in the text. Table 1 describes the total number of R. dominica captured in Lindgren funnel traps in the wooded site and open site for years 1 and 2. During 2005 (year 1), total trap capture was 2.6 times more in the wooded site than the open site, and during 2006 (year 2), comparison of the total beetles captured between wooded site and open site showed that trap captures were Ϸ1.4 times higher in the wooded site. Except for the open site in the year 2, the marked beetles were usually very high in both sites for the 2 consecutive yr and ranged from 18 to 26%. The lowest recapture rate was Ϸ5.6% and was observed in the open site in year 2. Adult R. dominica were recaptured at distances as near as 100 m and as far as 1,600 m from the release points. Mean dispersal distances in the wooded site and in the open site for both years are given in Table  1 . There was a signiÞcant difference in marked R. dominica dispersal distances between the wooded site and the open site (year 1: t-value ϭ Ϫ7.23, P ϭ 0.0001; year 2: t-value ϭ Ϫ7.02, P ϭ 0.0001).
Results
Weekly data for total number of marked-releasedrecaptured adult R. dominica along with total number of feral adult beetles were plotted against daily average temperature and relative humidity in the wooded site for year 1 (Fig. 1 ) and year 2 (Fig. 2) . During the experimental period in year 1, in the wooded site, the lowest average daily temperature of 6.1ЊC was recorded in week 7, the week of 21 October, whereas the highest mean temperature of 28.3ЊC was recorded in week 2, the week of 16 September. In year 2, lowest average daily temperature was recorded on 26 June, with a value of 22.1ЊC, and the highest was on 9 August, with a value of 33.6ЊC. Weekly trap capture data in relation to weather variables in the open site for year 1 and year 2 are plotted in Figs. 3 and 4 , respectively. During the Þrst year in the open site, the lowest average daily temperature of 5.7ЊC was recorded on 24 October, week 7, and the highest average daily temperature of 27.9ЊC was recorded on 19 September, week 2, similar to the temperature pattern observed in the wooded site for year 1. In year 2, lowest and highest daily average temperatures were recorded on 26 June and 20 July, respectively. In both locations, peak ßight activity occurred in the warmer period of trapping. Relative humidity in the wooded site in year 1 ranged from 31 to 87%, and in year 2, ranged from 20 to 76%. In the open site in both years, relative humidity varied between 32 and 87%. Trap catch of R. dominica in relation to weather variables was studied in detail in the past by ; thus, we did not focus on this aspect in this study.
Correlation analyses showed that the relationship between numbers of marked-released-recaptured beetles decreased with increasing distances of the traps from the release site. Thus, a signiÞcant negative correlation was observed for both sites, wooded and open, in each of the two years (Table 2) . ANOVA showed there were no signiÞcant differences for the two-way or three-way interactions among year, distance, or direction relative to release site for the percentage beetles recaptured in the wooded site, indicating that the pattern of recapture of marked beetles in the wooded site in three different distances across four directions for both years is consistent. SigniÞcant differences were observed between trapping years (F ϭ 22.3; df ϭ 1,185; P Ͻ 0.0001), among trapping distances (F ϭ 66.4; df ϭ 2,185; P Ͻ 0.0001), and among trapping directions (F ϭ 9.1; df ϭ 3,185; P Ͻ 0.0001). Between years 1 and 2, the proportion of marked beetles captured in the traps was signiÞcantly lower in year 2. During both years, the proportion of marked beetles captured decreased signiÞcantly with distance from the release point (Fig. 5) . The highest proportion (26%) of marked beetles was caught in traps placed within 100 m from the release bins; however, a considerable proportion (6.0%) of marked R. dominica were also caught in traps located 1,600 m away from the release bins. Although a deÞnite pattern cannot be established for year 1 trap captures in the wooded site among four directions, in year 2, the percentage of marked-released-recaptured beetles was signiÞcantly lower in the east and south directions compared with north and west.
ANOVA showed there were no signiÞcant differences for the two-way or three-way interactions among year, distance, or direction relative to release point in the open site (Fig. 6 ), similar to results obtained at the wooded site. SigniÞcant differences were observed between trapping years (F ϭ 6.4; df ϭ 1,175; P ϭ 0.012), among trapping distances (F ϭ 54.0; df ϭ 2,175; P Ͻ 0.0001), and among trapping directions (F ϭ 12.2; df ϭ 3,175; P Ͻ 0.0001). The proportion of marked beetles captured in the traps was signiÞcantly lower in year 2 compared with year 1 and could have resulted because of the variation in the trapping seasons in the 2 yr. The percentage of marked beetles captured in traps signiÞcantly decreased with increasing distance of traps placed from the release bin, and numbers of beetles trapped in the eastern and southern directions were generally lower for a given distance compared with those caught in the north and west, similar to results obtained at the wooded site.
Discussion
Previous studies by many authors (Sinclair and Haddrell 1985 , Cogburn 1988 , Fields et al. 1993 , Edde et al. 2005 , Mahroof and Phillips 2007 showed that R. dominica are strong ßiers and can be found ßying in diverse habitats such as wooded areas, open Þelds, or in the vicinity of on-farm or commercial grain storage facilities. In this study, we further conÞrmed that R. dominica occurs in diverse habitats and can disperse through such habitats for considerable distance; the results suggest there may be a certain level of establishment, survival, and reproductive success of R. dominica in different landscapes. Our study showed that, although considerable number of adult beetles dispersed through and were subsequently trapped in the open grassland, we clearly found that proportionately more beetles were captured in all directions in the wooded site. In no case did we capture a marked beetle in a given Þeld site that was not also released into that site; thus, there was no evidence that R. dominica traversed the distance between the wooded and open sites we studied. Relatively higher numbers of beetles captured in the wooded site may indicate that these remote forested sites harbor larger beetle populations than open grassland sites, because there may be beneÞcial breeding material and more suitable hosts for R. dominica to complete its life cycle. Perhaps such rich resources may be absent or inadequately distributed in the grasslands. The wooded site was isolated from grain storages by many kilometers; hence, if R. dominica are established in the forest, they may have developed on wood or parts of woody plants in the forested sites, seeds, or roots of forest plant species. Most Bostrichidae are wood eaters in both larval and adult stages, attacking standing dead wood or recently fallen trees (Potter 1935) . Recent studies by and Jia et al. (2008) showed that R. dominica can reproduce in varying degrees on a variety of noncereal grain host plant materials. Although the original host plants of R. dominica before human domestication of cereal grains are not known, forested sites may provide readily available host resources for survival of R. dominica in modern times if cereal grains are not available (Mahroof and Phillips 2007).
An alternative explanation for trapping more beetles in the wooded site compared with the open Þeld site could be that the dispersal behavior of R. dominica in general, or behavior in responding to pheromone traps speciÞcally, may be different in a forest habitat compared with an opened habitat. Responses of insects to pheromone-baited traps are often inßuenced by visual cues of the trap and or the surrounding area, as well as the olfactory chemical cues from the pheromones (Borden et al. 1986 ). Indeed, Edde et al. (2005) showed that trap design, which contributed to the visual appearance of different traps tested, significantly affected responses of R. dominica to similar pheromone sources. These same authors also found more beetles trapped in forest settings than in open Þelds, although there were few grain storage sources of beetles in or near the wooded sites. As with many species of bark beetles (Coleoptera: Scolytidae), R. dominca preferred to respond to traps that presented a vertical visual silhouette, such as the four-unit funnel trap (Edde et al. 2005) . Forest habitats with many trees obviously possess numerous vertical visual silhouettes compared with open Þeld sites that have few to no large vertical objects above the ground. It is possible that R. dominica populations in our wooded site were similar in size to those in our open Þeld site, but more beetles were trapped because they were more stimulated to seek out vertical silhouettes that also had pheromone, which eventually resulted in more beetles ultimately being captured in traps. Conversely, beetles in the open Þeld sites lacked an abundance of vertical objects as visual cues and may have dispersed past the attractive radii (Byers et al. 1989) of the existing pheromone traps because they did not remain very long in the area to investigate other vertical objects, as may have been the case in the forest.
Results on the distribution of marked beetles being recaptured in certain compass directions in a nonrandom manner suggests that responses of beetles to pheromone traps were affected by the predominant directions of prevailing winds. Moving insects tend to disperse passively with the direction of the prevailing wind but tend to respond against the wind, or upwind, in a so-called positive anemotaxis, toward an attractive pheromone source when one is present (Kennedy 1977) . Marked R. dominica in our studies were released in the center of a given study area relative to pheromone-baited traps situated along transects at the four compass directions. If dispersing marked beetles detected aggregation pheromones from traps, we would expect that they might turn upwind and ßy toward the pheromone sources; thus, they might be more prevalently captured in traps in downwind locations, such that beetles would disperse past the traps and turn upwind in response to the pheromone, such has been shown in scolytid beetles (Byers 1988) . Our studies found beetle recaptures predominating in northerly traps and sometimes also traps in the west, particularly at the further distances (400 and 1,600 m) from the release points, suggesting that prevailing winds were mostly from the south and sometimes from the east. In fact, weather records for average wind directions at both our Þeld sites showed that winds predominated from the south in both years and both locations (http://www.mesonet.org).
Mark-release-recapture studies are often used to make a realistic estimation of dispersal distances by insect species (Rabasa et al. 2007) . In this study, we observed that marked R. dominica were recaptured in traps placed in all directions as far as 1.6 km from the release bins. In a related study by ChingÕOma (2006) , R. dominica beetles were recaptured in Delta sticky traps placed as far as 3.6 km from the release center. Fields and Phillips (1994) reported capturing feral R. dominica in pheromone-baited traps placed in remote forest and wetland areas in government-preserved lands that were many kilometers from any agricultural activities or grain storage. Although no previous records showed the maximum distance adults are capable of dispersing, these studies showed that R. dominica are strong ßiers and capable of transversing several kilometers across the landscape. Dispersal of individuals among habitat patches is a key process in the dynamics of local populations, and it is a strong factor in determining colonization of uninfested grain in storages. Dispersal of many insects species was observed to be initiated by high population density (Barrer et al. 1993 ) and various physiological, genetic (Johnson 1969) , and environmental factors (Rankin and Rankin 1980) . Seasonality (Turchin and Thoeny 1993) , ambient temperature, high light intensity (Dowdy 1994) , and time of the day (Sinclair and Haddrell 1985, Winterbottom 1922 ) are signiÞcant environmental factors that may inßuence ßight and dispersal in R. dominica.
Comparison between years 1 and 2 showed that total trap captures were 3.6 times higher in the wooded site and 7.1 times higher in the open site in year 2. This noticeable difference in yearly R. dominica activity between habitats may be related to the climatic and phenological conditions related to the time of the year or the variation in the trapping dates between the years. Trapping in year 1 was carried out from September to November, a cooler period of the year compared with year 2, from June to August, a warmer period of the year. From this study, it is noticeable that ßight activity of R. dominica seems more inßuenced by seasonality or weather conditions prevailing over the short term. Similar to our Þndings, early reports by Sinclair and Haddrell (1985) and Throne and Cline (1994) showed that the peak ßight activity of R. dominica occurred during the warmer period of the year: July through September. Surtees (1964) reported that, in R. dominica, increased locomotory activities coupled with increases in ßight corresponded to rises in grain temperature and concluded that high temperature would inßuence the spread of individuals. The estimated lower ambient temperature threshold of ßight for R. dominica has been reported between 16 and 20ЊC and the optimum temperature for ßight to be 31Ð36ЊC (Dowdy 1994, Wright and Morton 1995) . documented variation in seasonal ßight activity of R. dominica in Oklahoma and found peaks of ßight in late summer; up to 86% of variation in ßight activity was explained by weather variables. It is possible to predict that the observed differences in the trap captures between year 1 and 2 in this study could be attributed to the variations in the ambient temperature or length of photoperiod in the two time periods studied. The highest temperature recorded in year 1 in the wooded site did not exceed 28ЊC; however, in year 2, the maximum temperature recorded was 34ЊC. Similarly, in the open site, there was a disparity of 5ЊC difference between year 1 and 2 for the maximum temperature recorded, with year 2 being the highest. The interesting observation is that, although the total number of beetles captured increased in year 2 for both sites, the proportion of marked beetles captured was considerably reduced for the same year. The exact reason for reduction in the marked beetles is not very clear, although it may be possible that the ßight activity of feral beetles may have disproportionately increased during the warm summer months. Unlike previous studies that either monitored ßight activity of feral beetles or used small numbers of marked beetles released in 1 d from open containers (ChingÔOma 2006) , this study with marked R. dominica clearly showed that beetles produced from a bulk of stored grain can escape and disperse from a model of a commercial grain bin up to 1,600 m into diverse habitats.
In summary, understanding the dispersal behavior of R. dominica may have vital importance in implications for pest management. Management efforts could be directed more appropriately to the periphery of grain storage environments and nonagricultural habitats outside the grain storages or perhaps better protect grain storage from infestation because of knowledge that R. dominica are abundant outside and can easily disperse from nonagricultural habitats to storage sites.
